Abstract-Wireless energy transfer (WET) is emerging as a potential solution for powering small energy-efficient devices. We propose strategies that use multiple antennas at a power station, which wirelessly charges a large set of single-antenna devices. The proposed strategies operate without channel state information (CSI), and we attain the distribution and main statistics of the harvested energy under Rician fading channels with sensitivity and saturation energy-harvesting (EH) impairments. A switching antenna strategy, where a single antenna with full power transmits at a time, provides the most predictable energy source, and it is particularly suitable for powering sensor nodes with highly sensitive EH hardware operating under non-LOS (NLOS) conditions while other WET schemes perform alike or better in terms of the average harvested energy. While switching antennas is the best under NLOS, transmitting simultaneously with equal power in all antennas is the most beneficial as LOS increases. Moreover, spatial correlation is not beneficial unless the power station transmits simultaneously through all antennas, raising a tradeoff between average and variance of the harvested energy since both metrics increase with the spatial correlation. Moreover, the performance gap between CSI-free and CSI-based strategies decreases quickly as the number of devices increases.
replacing or recharging batteries, which may be costly, inconvenient or hazardous, e.g., in toxic environments, for sensors embedded in building structures or inside the human body [1] . Many types of EH schemes, according to the energy source, have been considered, based on solar, piezoelectric, wind, hydroelectric, and wireless radio frequency (RF) signals [2] . While harvesting energy from environmental sources is dependent on the presence of the corresponding energy source, RF-EH provides key benefits in terms of being wireless, readily available in the form of transmitted energy (TV/radio broadcasters, mobile base stations and handheld radios), low cost, and having small form factor implementation. Hence, it becomes potentially suitable for a variety of low-power applications such as wireless sensor networks (WSNs) and RF identification (RFID) networks [3] . 1 Three main transmit scenarios can be distinguished in RF-EH networks, 2 namely Wireless Energy Transfer (WET) [5] , Wireless Powered Communication Network (WPCN) [6] and Simultaneous Wireless Information and Power Transfer (SWIPT) [7] . In the first scenario a power transmitter transfers energy to EH receivers to charge their batteries, without any information exchange, while WPCN refers to those cases where the EH receiver uses the energy harvested in a first phase to transmit its information in a second phase. Finally, in the third scenario a hybrid transmitter is transferring wireless energy and information signals using the same waveform to multiple receivers. More details on each of these scenarios can be found in [8] , along with a survey on energy beamforming (EB) techniques. In this work we focus on WET scenarios, that also could be seen as an element of WPCN systems, 3 while readers can refer to [9] for a review and discussion on recent progress on SWIPT technologies.
A. Related Work
Many recent works have considered specifically WET and WPCN setups in different contexts and scenarios. An overview of the key networking structures and performance enhancing techniques to build an efficient WPCN is provided in [10] , while authors also point out new and challenging research directions. A power beacon (PB) that constantly broadcasts wireless energy in a cellular network for RF-EH was proposed in [11] . These PBs are deployed in conjunction with base stations to provide power coverage and signal coverage in the network, while the deployment of this hybrid network under an outage constraint on data links was designed using stochasticgeometry tools. In [12] , a hybrid access point (AP) was proposed where the AP broadcasts wireless power in the downlink followed by data transmission using the harvested energy in the uplink in a time-division duplex (TDD) manner. Also in TDD setups, works in [13] [14] [15] consider the transmission of separately short energy and information packets (stringent delay constraints) in ultra-reliable WPCN scenarios under different channel conditions, e.g., Rayleigh or Nakagamim fading. Authors either analyze the performance of the information transmission phase [13] , or optimize it by using power [14] control or cooperative schemes [15] . Some scheduling strategies that allow a direct optimization of the energy efficiency of the network are also proposed in [16] . Additionally, an energy cooperation scheme that enables energy cooperation in battery-free wireless networks with WET is presented in [17] .
Yet, WET requires shifts in the system architecture and in its resource allocation strategies for optimizing the energy supplying, thus, avoiding energy outages. In that regard, authors in [18] study the probability density function (PDF), the cumulative distribution function (CDF), and the average of the energy harvested from signals transmitted by multiple sources. Interestingly, such information allows to determine the best strategies when operating under different channel conditions. Additionally, multi-antenna EB, where the energy-bearing signals are weighted at the multiple transmit antennas before transmission, has been proposed very recently [19] , [20] . The average throughput performance of EB in a WPCN, consisting of one hybrid AP with multiple antennas and a single-antenna user, is investigated in [19] . The impact of various parameters, such as the AP transmit power, the energy harvesting time, and the number of antennas in the system throughput is analyzed. In [20] , authors propose an EB scheme that maximizes the weighted sum of the harvested energy and the information rate in multiple-input single-output (MISO) WPCN. They show that their proposed scheme achieves the highest performance compared to existing work. In practice, the benefits of EB in WET crucially depend on the available CSI at the transmitter. An efficient channel acquisition method for a point-to-point multiple-input multiple-output (MIMO) WET system is designed in [21] by exploiting channel reciprocity. Authors provide useful insights on when channel training should be employed to improve the transferred energy. Meanwhile, the training design problem is studied in [22] for MISO WET systems in frequency-selective channels.
B. Contributions and Organization of the Paper
The problem of CSI acquisition in WET systems is critical and limits the practical significance of some previous work. This is because WET systems are inherently energy-limited, and part of the harvested energy would need to be used for CSI acquiring purpose [23] . In fact, the required energy resources to that end cannot be neglected when there is a large number of antennas and/or if the estimation takes place at the EH side since it requires complex baseband signal processing. Even when previous problems could be addressed in some particular scenarios, there is still the problem of CSI acquisition in multi-user setups, specially in IoT use cases where the broadcast nature of wireless transmissions could be exploited for powering a massive number of devices simultaneously. In such cases, effective CSI-free strategies are of vital importance.
This paper addresses CSI-free WET with multiple transmit antennas, while assuming practical characteristics of EH hardware. The main contributions of this work can be listed as follows:
• We present and analyze multiple antenna strategies at a dedicated PB serving a large set of RF-EH devices without any CSI. We do not consider any other information related to devices such as topological deployment, battery charge; although, such information could be crucial in some setups. 4 Our derivations are specifically relevant for scenarios where it is difficult and/or not worth obtaining such information, e.g., when powering a massive number of low-power EH devices uniformly distributed in a given area and possibly with null/limited feedback to the PB. Additionally, the performance analysis considers the harvested energy at the receiver, and comparisons with ideal CSI-based schemes are carried out;
• We attain the distribution and some main statistics of the harvested energy in correlated Rician fading channels under each WET scheme and ideal EH operation. These results are extended to more practical scenarios where EH sensitivity and saturation impairments come to play. The Rician fading assumption is general enough to include a class of channels, ranging from Rayleigh fading channel without line of sight (LOS) to a fully deterministic LOS channel, by varying the Rician factor κ; • When powering a given sensor, we found that switching antennas such that only one antenna with full power transmits at a time, guarantees the lowest variance in the harvested energy, thus providing the most predictable energy source. This technique is particularly suitable under highly sensitive EH hardware and when operating under non LOS (NLOS) conditions; • While under NLOS it is better switching antennas, under some LOS it is better transmitting simultaneously with equal power by all antennas. Also, latter strategy provides the greatest fairness when powering multiple sensors when there is a large number of antennas since devices are more likely to operate near or in saturation. Additionally, an increase in the spatial correlation is generally prejudicial, except when transmitting simultaneously with equal power by all antennas, for which there is demonstrate the suitability of the CSI-free over the CSI-based strategies as the number of devices increases. Next, Section II presents the system model, while Section III introduces the WET strategies under study. Their performance under Rician fading is investigated in Section IV, while Section V presents numerical results. Finally, Section VI concludes the paper.
Notation: Boldface lowercase letters denote vectors, while boldface uppercase letters denote matrices. For instance, x = {x i }, where x i is the i-th element of vector x; while X = {x i,j }, where x i,j is the i-th row j-th column element of matrix X. By I we denote the identity matrix, and by 1 we denote a vector of ones. The superscript (·)
T denotes the transpose, det(·) the determinant, and by Diag[x 1 , x 2 , · · · ] we denote the diagonal matrix with elements 
where Γ(p) and Γ(p, x) are the complete and incomplete gamma functions, respectively. Additionally, Z ∼ χ 2 (ϕ, ψ) is a non-central chi-squared RV with ϕ degrees of freedom and parameter ψ, thus, its PDF and CDF are given by [25, ) and (2-1-121)] 
where I n is the n-th order modified 
Table I summarizes the main symbols used throughout this paper.
II. SYSTEM MODEL
Consider the scenario in Fig. 1 , in which a dedicated power station T equipped with M antennas, powers wirelessly a large set S = {S 1 , S 2 , · · · , S |S| } of single-antenna sensor nodes located nearby. Quasi-static channels are assumed, where the fading process is considered to be constant over the transmission of a block and independent and identically distributed (i.i.d) from block to block. The fading channel coefficient between the i-th antenna of T and the j−th sensor node S j is denoted as h i,j ∈ C, while h j ∈ C M×1 is a vector with the channel coefficients from the power station antennas to S j .
In general, during WET power station T may transmit with up to l ≤ M energy beams to broadcast energy to all sensors in S. Then, the incident RF power at the j−th EH receiver is given by
where w k ∈ C M×1 denotes the precoding vector for generating the k−th energy beam, and x k is its energy-carrying signal. Without loss of generality, we assume that each x k is taken independently from an arbitrary distribution with E[|x k | 2 ] = 1, ∀k [12] , [18] , [21] . Additionally, we set l k=1 ||w k || 2 2 = 1, while j accounts for the path loss of the link T → S j times the overall transmit power of T . By considering negligible noise energy, the harvested energy, 6 ξ j , can be written as a function of ξ rf j as ξ j = g(ξ rf j ) where g : R → R is a non-decreasing function of its argument. In general g is nonlinear 7 and mathematical analyses are cumbersome, but starting from the linear model the accuracy can be significantly improved by considering three main factors that limit strongly the performance of a WET receiver [3] , [14] , [28] , [29] : (i) its sensitivity 1 , which is the minimum RF input power required for energy harvesting; (ii) its saturation level 2 , which is the RF input power for which the diode starts working in the breakdown region, and from that point onwards the output DC power keeps practically constant; and (iii) the energy efficiency η ∈ [0, 1] in the interval 1 ≤ ξ rf j ≤ 2 , which we assume as constant. Therefore, we can write ξ j as
Notice that the linear model assumed in most of the related literature, e.g., [1] , [8] , [11] [12] [13] , [15] , [16] , [19] [20] [21] [22] [23] , [29] , does not take into account the sensitivity and saturation phenomena, which is equivalent to operate with 1 = 0 and 2 → ∞. Thus, taking these impairments into consideration in the scenarios under discussion is an important contribution from a practical perspective.
III. WET STRATEGIES
First, in Subsection III-A we characterize the performance of WET for three different strategies at T without any CSI, while two alternative strategies that require full CSI are presented as benchmarks in Subsection III-B. 5 Notice that the EH receiver does not need to convert the received signal from the RF band to the baseband in order to harvest the carried energy. Nevertheless, thanks to the law of energy conservation, it can be assumed that the total incident RF power (energy normalized by the baseband symbol period) matches the power of the equivalent received baseband signal. 6 We use the terms energy and power indistinctly, which can be interpreted as if block duration is normalized. 7 Although in this work we just state the harvested energy as a function of the incident RF power, we would like to highlight that in practice g also depends on the modulation and incoming waveform [26] , and some approaches have been considered in the literature for exploiting this. For instance [27] : energy waveform, which relies on deterministic multisine at the transmitter so as to excite the rectifier in a periodic manner by sending high energy pulses; and energy modulation, which relies on single-carrier transmission with inputs following a probability distribution that boosts the fourth order term in the Taylor expansion of the diode characteristic function.
A. WET Strategies Without CSI
Since no CSI is available and w k cannot depend on the channel coefficients, T does not form energy beams to reach efficiently each S j . Therefore, for these kind of strategies it is only necessary focusing on the performance of an arbitrary user S j , while also setting l = 1.
1) One Antenna (OA): Is the simplest strategy because only one out of M antennas transmitting with full power is used for powering the devices. Then, using (6) we obtain
where i ∈ {1, 2, · · · , M}. Notice that in this case w 1 is a vector of zeros with entry 1 in the i−th element. There is no difference whether T is equipped with only one or several antennas when operating with the OA strategy.
2) All Antennas at Once (AA):
The OA strategy does not exploit multiple antennas, thus, it does not take advantage of that degree of freedom. One obvious and simple alternative is transmitting with all antennas but with reduced power at each,
The OA and AA schemes are the extreme cases of a more general strategy where K out of M antennas are selected to power the sensors. As a consequence, the K-out-M 's performance is limited by that of the OA and AA strategies.
3) Switching Antennas (SA):
Instead of transmitting with all antennas at once, T may transmit with full power by one antenna at a time such that all antennas are used during a block. Assuming equal-time allocation for each antenna, the system is equivalent to that in which each sub-block duration is 1/M of the total block duration, and the total harvested energy accounts for the sum of that of the M subblocks. That is
Note that w 1 in each sub-block is given as in the OA strategy, but the chosen i is different in each sub-block.
B. Benchmark WET Strategies
For the sake of describing some benchmark strategies, herein we consider that full CSI is available at T . Sensors S could use a "small" amount of energy 9 to send some pilot symbols to T in order to acquire the CSI. This requires reciprocal channels, thus, T should be listening at the time of the transmission. Otherwise, T has to send the pilots and wait for a feedback from the sensor(s) informing the CSI. Whatever the case, it seems unsuitable in a setup where a large number of energy constrained sensors require the powering service from T , specially if we also consider the multiple access problem. Therefore, we present the following CSI-based strategies only as benchmarks for those presented in the previous subsection. We assume that T knows also the EH hardware characteristics, e.g., 1 , 2 , η, of the EH sensors and the goal is to maximize the overall energy harvested by S.
1) Best Antenna (OA − CSI):
This strategy is the counterpart for the previous OA scheme when full CSI is available. In this case, the antenna that provides the greatest amount of overall harvested energy is selected out of the overall set. Therefore, l = 1 and
since this time w 1 is a vector of zeros with entry 1 in the selected antenna index. Of course, in a multi-user system where the nodes benefit from the WET phase simultaneously, the best antenna is usually not the same for all users. Different from (11), another possible implementation may be that in which some users are optimized first and then the others, but in all these scenarios the complexity scales quickly with the number of users while reducing the overall performance.
2) Best Transmit Beamforming (AA − CSI):
This strategy is the counterpart for the previous AA scheme when full CSI is available. In this case, instead of transmitting with the same power over each antenna, T precompensates through w k for the channel and EH hardware effects before transmission such that the overall harvested energy at S is maximized. Hence,
where l is set to M since that is the maximum possible number of energy beams. In case the system performance maximizes with a smaller l, which may be the case when |S| < M, then, some of the optimum beamformers are all-zeros vectors. Notice that the OA − CSI scheme is less sensitive to CSI imperfections than the AA − CSI. This is because the former only relies on the power gain of the channel, while the latter requires the full characterization, envelope and phase, of the channel coefficients.
C. Comparison of the WET Strategies for |S| = 1 and Under Ideal EH Linear Model
Some useful insights come from setting |S| = 1 and using the ideal EH linear model such that 1 = 0 and 2 → ∞. In this case, we denote ξ 0 as the harvested energy at the unique sensor node while we avoid using the subindex j, then, (8), (9) , (10), (11) and (12) can be rewritten as
where (a) comes from setting w 1 = h * /||h|| 2 which is the optimum precoding vector for Maximum Ratio Transmission (MRT) [30] in a MISO system.
Theorem 1: The following relations are satisfied:
Proof: According to (13), (16), (17) and (15) we have that
where the equality in (a) is only when M = 1. Thus, (18) is satisfied. Now, for the second part of the proof we proceed from (14), (17) and (15) as follows.
where (a) comes from applying the triangular inequality and generalizing as shown in [31, Section 1.1.7], (b) follows from using each time the p −norm notation, while (c) from the inequality between the arithmetic and quadratic mean.
IV. ANALYSIS UNDER RICIAN FADING
Herein we assume that channels undergo Rician fading, which is a very general assumption that allows modeling a wide variety of channels by tuning the Rician factor κ ≥ 0, e.g., when κ = 0 the channel envelope is Rayleigh distributed, while when κ → ∞ there is a fully deterministic LOS channel. Since this work deals mainly with CSI-free WET schemes, and for such scenarios the characterization of one sensor is representative of the overall performance, we focus our attention to the case of a generic node, thus avoiding subindex j. Additionally, the performance gap between the CSI-free and CSI-based WET schemes is maximum for |S| = 1 and analyzing such scenario when CSI is available allows getting analytical expressions along with some useful insights. Previous assumptions imply that the envelope distribution of h i is Rician distributed with factor κ, e.g., |h i | ∼ RIC(κ) while the channels are Gaussian with independent real and imaginary parts, h = α+iβ with α, β ∼ N
where σ 2 R and μ are respectively the covariance matrix 10 and mean vector of α, β [33] . Specifically, σ 2 is the variance of
We assume μ = μ [1] M×1 , e.g., equal mean over all the fading paths, while factor κ is connected to μ and σ 2 as
and normalizing the channel power gain as
Even when in practice μ = μ [1] M×1 does not strictly hold since the channel coefficients h i usually have different phases on average, such assumption does not impact on the performance of the OA, SA, OA − CSI and AA − CSI schemes. This is because under the OA, SA and OA − CSI schemes T does not transmit through more than one antenna simultaneously while the instantaneously phase of the signal at the receiver does not affect the EH process. Meanwhile, under the AA − CSI scheme the PB precompensates through a beamforming vector for both the channel gains and phases such that the average transmission energy is maximized and it was shown according to (15) and (17) that ξ 0 AA−CSI = M ξ SA . On the other hand, different mean phases do impact on the system performance under the AA scheme since the energy transmission takes place over all antennas simultaneously and the phases of the signals coming from different antennas could have either a constructive or destructive aggregation at the receiver side which can be more/less accentuated according to their mean values. It is possible to show analytically that the performance of the AA scheme is maximized when the mean phases of channel coefficients are equal but a deeper discussion is outside of our scope in this article. In any case, our performance results for the AA scheme can be considered as upper-bounds for the performance in practical setups, which can be accurate when the mean phases of the channel coefficients are similar.
A. Distribution of the Harvested Energy Under Ideal EH Linear Model
Now, we proceed to characterize the distribution of the harvested energy when using each of the WET strategies analyzed in the previous section under the ideal EH linear model. 1) OA: Obviously, the spatial correlation has no impact on the performance of the OA scheme since under that scheme T selects only one antenna without using any information 10 Hence, we consider the spatial correlation phenomenon, which occurs due to insufficient spacing between antenna elements, small angle spread, existence of few dominant scatterers, and the antenna geometry. The general concept of spatial correlation is usually linked only to a positive spatial correlation, even when the negative correlation is also physically possible mainly due to the use of decoupling networks and antenna geometry effects. On the other hand, notice that correlation between the coefficients h i is highly probable in the kind of systems we are investigating here because of the short range transmissions [32] . Even though, by setting R = I we are also able of modeling completely independent fading realizations over all the antennas. related with the other antennas. From (13) we proceed as follows
where (a) comes from normalizing the variance of α and
comes from the direct definition of a non-central chi-squared RV [25, Ch.2] , and (c) follows after using (22) and (23).
2) AA: Now we focus on the performance of the AA scheme. Based on (14) we have that
where
β i and notice thatα,β are still Gaussian RVs [34] with mean
while (b) follows after variance normalization such that θ,
Finally, (c) comes from using the definition of a non-central chi-squared RV [25, Ch.2], while (d) from using (22) and (23) . Notice that for the special case of uniformly spatial correlated fading such that the antenna elements are correlated between each other with coefficient ρ (r i,j = ρ, ∀i = j), we have that
Additionally, in order to guarantee that R is positive definite and consequently a viable covariance matrix, ρ is lower bounded by
Since α and β are i.i.d between each other we focus on the product α T α and the results are also valid for β T β.
where last step comes from simple algebraic transformations. Notice that
which is the spectral decomposition of R [36, Ch.21] . In (30), Λ is a diagonal matrix containing the eigenvalues of R, and B is a matrix whose column vectors are the orthogonalized eigenvectors of R. In order to find the eigenvalues, λs, of R, we require solving det R − λI = 0 for λ, which is analytical intractable for a general matrix R. However, for the special case of uniform spatial correlation with coefficient ρ we are able of proceeding as follows
where (a) comes from using the Matrix determinant lemma [36] , while (b) follows after some algebraic manipulations. Now, two different eigenvalues are easily obtained by matching (31) with 0. These are λ = 1−ρ with multiplicity M −1 and λ = 1+ρ(M −1) with multiplicity 1, thus
Meanwhile, the corresponding eigenvectors, e, satisfy Re = λe, thus,
• and for
Thus, the eigenvectors associated to λ = 1 − ρ satisfy (33), while the eigenvector associated to λ = 1 + ρ(M − 1) satisfies (34) . After orthogonalization by using the GramSchmidt process [37] , and normalization, the resulting vectors still satisfy either (33) or (34) according to the case. For the latter, the resulting vector is
where (a) comes after some algebraic transformations, T × 1 M×1 , for which using (35) and (32) yields
and finally (c) comes from setting ς i ∼ N 0, 1 . Notice that λ i is the i-th eigenvalue of R. Using (36) into (28) yields
where (a) comes from defining ω i ∼ N 0, 1 to use when evaluating the term β T β in (28), which has the same form given in (36), while (b) follows from using (37) . In (b) we also regrouped similar terms, which allows writing (c) after using the direct definition of a non-central chi-square distribution [25, Ch.2] along with (22) and (23) .
Under the assumption of uniform spatial correlation with parameter ρ (r i,j = ρ, ∀i = j), (38) holds; however, notice that for the AA scheme we were able of writing the distribution merely as a function of parameter δ, which is not linked to any specific kind of correlation; hence, we can expect that the behavior under the SA scheme depends, at least approximately, on δ rather on the specific entries of matrix R. To explore this, we substitute ρ = δ−M M(M−1) coming from (27) , into (38) , such that we attain
For validation purposes let us assume an exponential correlation matrix such that r i,j = τ |i−j| where τ is the correlation coefficient of neighboring antennas, Fig. 2 shows Monte Carlo results comparing the exact (28) and approximate (39) expressions of the harvested energy distribution under the SA scheme. As shown, they match accurately except when the setup is jointly characterized by very small κ and relatively large M and τ , as it is the case of κ = 0, M = 16 and τ = 0.8. In the other cases, (39) holds accurately, while matching exactly (28) and (38) under uniform spatial correlation. Notice that when τ = 0 or 1, the system is under an extreme case of uniform 11 This model is physically reasonable since the correlation decreases with increasing distance between antennas [35] . Still, simulation results that are not included in this paper evidence that the trends and accuracy of our results under such exponential correlation model remain valid independently of the correlation profile. spatial correlation and (39) becomes exact; hence, for fixed κ and M , (39) has the least accurate convergence to the exact distribution for some 0 < τ * < 1. The value(s) of τ * could be seen as the one(s) providing the greatest difference or distance between R and its equivalent uniform correlation matrix with coefficient ρ. 12 There are many similarity metrics and concepts of distance between matrices in the literature, such as the p−norm distances, the trace distance, the correlation matrix distance [38] , just to name a few. Each of them has been shown to be appropriate under different goals. However, in the context of our work it is not clear which one fits better for finding τ * , and even having such information, the following analyses are expected to be cumbersome. For this reason, we have carried out extensive simulations and found that τ * is unique and increases very slowly with M such that for M = 3 → τ * ≈ 0.75 while for M = 32 → τ ≈ 0.85. Therefore, notice that our results are expected to be accurate in most of practical scenarios where also a non-negligible LOS parameter influences positively on the accuracy of (39), as shown in Fig. 2b . 
Now and as done in the previous subsection, we utilize the transformation ρ = δ−M M(M−1) , which hopefully allows converting (40) and (41) into expressions valid for systems with any kind of correlation. By doing so, the PDF for instance becomes the one shown in (42) , shown at the top of the next page.
Similar to our approach in the previous subsection, herein we validate (42) by comparing it with the distribution of the harvested energy using Monte Carlo simulation in scenarios with exponential correlated fading. Results in Fig. 3 evidence the same behavior as discussed in Fig. 2 and corroborate the accuracy of (42), which is only affected when a very small κ, and relatively large M and τ , coincide together.
For two specific setups it is even possible to get simplified expressions as follows
• For uncorrelated channels, for which δ = M , the channel coefficients are i.i.d, thus, where in (a) we take advantage of the i.i.d property of the channel realizations and (b) comes from making z = 2(1 + κ)|h i | 2 where Z ∼ χ 2 (2, 2κ). Now,
where (a) comes from using the chain rule. Notice that f Z (x) and F Z (x) are given respectively in (3) and (4) with ϕ = 2 and ψ = 2κ.
• For fully correlated channels, for which δ = M 2 , the performance under the OA − CSI scheme matches that of the OA strategy since the fading behaves instantaneously equal over all the antennas. Finally, notice that when correlation is the minimum, δ = 0, the performance gain of this scheme over that of the OA strategy should be the maximum. 
thus, by using (39) we attain
Notice that the analysis in Remark 1 can be extended to this case straightforwardly.
6) Comparisons and Remarks:
Since the distribution of the harvested energy is related in all the cases with the non-central chi-squared distribution but for the OA − CSI scheme, we are able to find the mean and variance statistics according to (5) . Under uncorrelated channels, δ = M , we can also provide an upper bound for the mean of ξ 0 1OA−CSI by using [40, The.
where (a) comes from using
, while (b) follows after using (5) . Notice that for M = 1 the equality is satisfied as expected. Regarding the variance, it is shown in [41, The. 3.1] that the best upper bound for
result is not tight for the fading distribution of our interest here, and we dispense with that result.
In Table II we summarize the statistics of the energy harvested under the operation of each of the WET schemes. We also include the CDF expressions, which can be easily obtained by using F Z (z) in (4) Additionally, notice that the variance of the harvested energy under the SA scheme is 
which is inversely proportional to the number of antennas;
• η 2 2 (1+2κ) (1+κ) 2 for δ = M 2 ,
which is independent of the number of antennas; Remark 5: Notice that
, when AA and, SA or AA − CSI, are utilized, respectively. This is because 
Previous condition can also be written as κ >
. In many cases not only a high average of harvested energy is desirable but also a low variance. Let us assume for instance that the sensor requires a reliable energy supply each time that it harvests energy from T transmissions, and that exceeds the value ξ th . The value of ξ th may be seen as the minimum amount of energy for which S can operate, which in general satisfies ξ th ≥ η 1 . In such cases a question arises: What is the more suitable WET strategy? The probability of energy outage is the performance metric to be evaluated in this case, and it is defined as P[ξ 0 < ηξ th ] = F ξ 0 (ηξ th ). The more reliable scheme would have the lowest probability of energy outage. Figs. 4 and 5 show the PDF of the harvested energy normalized by η , which allows validating the analytical results by Monte Carlo simulations. Specifically, for Fig. 4 we consider uncorrelated channels while setting κ ∈ {0, 3} and M ∈ {4, 16}, and notice that the upper bound for E[ξ 0 OA−CSI ] provided in (46) is also validated, and it is shown to be less tight when M increases. As expected, the CSI-based schemes outperform their counterparts that do not take advantage of any information. When there is NLOS (κ = 0), it is shown that the AA and OA schemes perform the same and without any gain from increasing the number of antennas, thus, in such cases the SA scheme is the best alternative if no CSI information is available. Notice that by increasing M , the PDF of ξ 0 SA gets narrower around its mean, thus, providing a more predictable energy supply. This situation holds for κ > 0, and among the CSI-free schemes the average harvested energy under the AA scheme is the greatest and increases with M , which is a very attractive characteristic. Meanwhile, in Fig. 5 the PDF of the harvested energy is shown when using each of the WET schemes 13 with M = 8, κ ∈ {0, 3} and exponential correlation with τ ∈ {0, 0.6, 1} → δ ∈ {8, 24.626, 64}. Notice that correlation impacts negatively on the performance of both CSI-based schemes. Indeed, the greater the correlation the lesser the gains of operating with CSI, and the performance under each CSI-based scheme matches that of its CSI-free counterpart for τ = 1. Additionally, comments in Remarks 2, 3 and 4 are corroborated, while results also validate the provided analytical approximations and complement our analysis around Fig. 2 and 3 . Fig. 6a shows the energy outage performance for a setup with M = 8 and κ = 1. Notice that for relatively small ξ th the schemes can be ordered according to a performance decreasing order as AA − CSI > OA − CSI > SA > AA > OA. Thus, the SA scheme performs the best among the CSI-free strategies, while for relatively large ξ th the AA scheme is superior, and it could even reach a performance greater than that achieved by OA − CSI. The very idealistic AA − CSI scheme is the clear winner in this regard also. A more detailed 13 Since analytical approximations for the distribution of the energy harvested under the SA and AA − CSI schemes were only obtained for δ ∈ {M, M 2 } → τ ∈ {0, 1}, the expressions were validated through Monte Carlo for the case of τ = 0.6.
analysis of the energy outage is presented in Fig. 6b , where the regions where each CSI-free WET strategy performs the best are shown for a wide range of values of κ, exponential correlation parameter τ and M ∈ {4, 16}. The OA scheme does not appear since it is always outperformed by either SA or AA strategy. Notice that SA benefits less from a greater LOS parameter and/or a greater energy threshold and/or greater spatial correlation. Finally, the number of antennas does not impact strongly on delimiting the regions for which one scheme outperforms the other in terms of the energy outage probability.
B. Statistics of the Harvested Energy Under Sensitivity and Saturation Phenomena
The statistics of the harvested energy under the ideal EH linear model, for which the harvested energy is always proportional to the incident RF power with factor η, was investigated in the previous subsection. In practice, the sensitivity and saturation phenomena limit also the EH performance. Incident signal powers below the sensitivity level cannot be harvested, while power levels in the saturation region cannot be fully exploited. Therefore, systems with high variance in the RF incident power, e.g., all the CSI-based and the AA scheme, are more sensitive to these phenomena. In this subsection we depart from ideal results in Subsection IV-A to attain the distribution and main statistics of the harvested energy in more practical setups.
Theorem 2: The energy harvested under each of the schemes when |S| = 1 is distributed as
which is only an approximation when using the SA scheme. The PDF of ξ can be easily derived from (47). Proof: We have that ξ rf = ξ 0 /η. Then, for the OA and AA schemes, ξ = g(ξ rf ) = g(ξ 0 /η) is satisfied according to (8) and (9) . Additionally, notice that since g is a non-decreasing function which saturates at some point, 
, however it could be used as an approximation that becomes tighter as ρ increases. Therefore,
which is satisfied with equality for all the schemes but for SA. Using (48) and (7) it is straightforward attaining (47).
Notice that for 1 = 0, 2 → ∞ and each WET scheme, (47) matches exactly the CDF of the harvested energy given in the previous subsection. On the other hand, previously we have also attained the average and variance of the harvested energy, and consequently for the RF incident power too. As commented, the variance analysis allows explaining the energy outage performance in conjunction with the CDF curves. Henceforth, we focus only on the average harvested energy when considering the sensitivity and saturation phenomena. The following lemma provides an analytical result that is useful for the average harvested energy characterization given right after in Theorem 3.
where g is the function defined in (7) and m =
Proof: According to (3) and (4), the distribution of Z 1 can be simplified as follows
where (a) comes from finding the limit by using l'Hôpital rule successively and (b) follows after simple algebraic transformations. For getting (52), it is required evaluating Q(0, √ z) by using its definition and performing some limit operations or equivalently one may use the result in (51) for finding the CDF; in any case the result matches (52). Now, using (51) and (52) along with (7) to calculate E[g(φZ 1 )] we obtain and (49) follows after some simple algebraic transformations. Continuing with the second part of the proof, the PDF of Z 2 can be simplified according to (3) as follows
which is the power distribution under Rician fading channel with κ = ψ/2 and average power (ψ + 2) [25] . Unfortunately, to the best of our knowledge computing zf Z2 (z)dz is not analytically tractable, thus, we were not able of finding an exact closed form expression. However we can take advantage of the fact that for m = (κ + 1) 2 /(2κ + 1), the Rician distribution approximates the Nakagami-m [42] 
approximately. Now, A comparison between the harvested power for (i) the utilized model taking into account sensitivity and saturation phenomena, (ii) the nonlinear EH model in [44] , and (iii) the measurement data from a practical EH circuit [43] . Configuration parameters are: 1 = −22 dBm, 2 = −4.8 dBm, η = 25%, while through curve fitting we attain: p 1 = 0.015, p 2 = 140 and p 3 = 84.
where (a) comes from using (1) and (b) follows from solving the integral and using (2) . Then, after some simple algebraic transformations we attain (50).
Theorem 3: The average harvested energy under sensitivity and saturation phenomena, and for each of the WET schemes (but for OA − CSI) when |S| = 1, is given by
Proof: According to (24) we have that ξ
OA /η)], and using the results in Lemma 1 we attain (56). Similarly, using (25) , (39) and (45) along with (48), we have that Notice that a closed-form expression for the average harvested energy under OA − CSI was not tractable using the ideal linear EH model, thus, neither here. Finally, since q 2 is given approximately in (50), the analytical characterizations of the average harvested energy provided in Theorem 3 are approximations given they all depend on q 2 ; hence, they approximate also their counterparts in the previous subsection when 1 = 0 and 2 → ∞. 
V. NUMERICAL RESULTS AND DISCUSSION
In this section we investigate the performance of the WET strategies under Rician fading and exponential correlation. Based on the experimental data in [43] , we assume sensors equipped with EH hardware characteristics 1 = −22 dBm, 2 = −4.8 dBm and η = 25%. 14 In Fig. 7 we show how our model fits the experimental data; while we also consider the non-linear harvesting model proposed in [44] which is based on a logistic function. Specifically, the non-linear model is given by ξ = p 3 1+e
p1p2 , where p 1 , p 2 , p 3 can be easily found by a standard curve fitting tool. Notice that the non-linear model fits more accurately the data in almost the entire region of input powers than our EH linear model; however, it fails in modeling the sensitivity phenomenon since if, and only if, ξ rf = 0 → ξ = 0. Next, we consider a setup with |S| = 1 and show in Fig. 8 the average harvested energy as a function of under the nonlinear EH model [44] , and the ideal and non ideal EH linear models considered in this work; while for short, we do not present the performance results of the OA scheme. Obviously, 14 Rather than the maximum efficiency, we assume a more conservative value that allows fitting better the entire experimental data. Notice also that operating with such conversion efficiency is viable for many other EH devices as reported in [3] . the average harvested energy performance is an increasing function of , which is related to the average RF signal power. Notice that for the ideal EH linear model the average harvested energy increases linearly, but when operating under the nonideal linear and non-linear EH models that is not longer the case. The ideal EH model overestimates heavily the average harvested energy when is small or large, thus, it is only suitable for a finite range of . This range depends on the system setup and on the utilized WET scheme. For instance, the performance of the three EH models are similar when ∈ [−50, −35] dB for the SA and OA − CSI schemes, while the range is approximately shifted to the left 10 log 10 (M ) dB when utilizing the AA and AA − CSI schemes. This is because under the ideal EH linear model, AA and AA − CSI schemes share similar average harvested energy performance, and approximately M times greater than the performance attained under SA and OA − CSI schemes. Notice that our non-ideal linear EH model, which explicitly considers the sensitivity and saturation phenomena, succeeds in matching the performance of the non-linear EH model proposed in [44] when operating under medium to high average input powers for which this model was proven to be accurate. In fact, and because of the sensitivity phenomenon, our non-ideal linear model predicts an abrupt decay in the average harvested energy when decreases to very small values; what does not happen under the non-linear model that does not take strictly into account this phenomenon, hence, for small the accuracy of our model is foreseen to be tight to practice. Additionally, analytical expressions provided in Theorem 3 are corroborated also in Fig. 8 . The gap between simulation and analytical results come from the fact that function q 2 in Theorem 3 is approximated according to (50), however, in all the cases analytical results capture well the impact of sensitivity and saturation impairments.
Given the validation of our non-ideal EH linear model, we use it next for analyzing the system performance when powering multiple sensors, e.g., |S| ≥ 1. To that end, we consider that sensors S are uniformly distributed in the disk region of radius R = 10m [9] , [10] around T , thus, the distance between S j and T , denoted as ι j , is distributed with f ιj (x) = 2x/R 2 , x ≤ R. We assume that j = ι −3 j /50, which may model practical scenarios with path-loss exponent 3, transmit power of 40 dBm, and 27 dB of average signal power attenuation at a reference distance of 1m [42] . Also, the LOS factors and correlation coefficients are expected to decrease with the distance in practical setups, hence we take this into consideration and assume an exponential decay given by κ j = 10 × e −ιj/2 , τ j = e −ιj/3 . For example, this means that at 1m→ κ j ≈ 6.07, τ ≈ 0.72, while at the disk edge these values drop to κ j ≈ 0.07, τ ≈ 0.04. Notice that, under the CSI-free schemes, the performance metrics such as average harvested energy per user and average energy outage per user, can be easily computed by departing from results in Section IV and performing integration over f ι1 (x). For the CSI-based schemes, which are used only as benchmarks, mathematical analyses in multi-user setups and under sensitivity and saturation phenomena are cumbersome and we resort to Monte Carlo methods and global optimization solvers when finding optimum energy beamformings. Notice that this may be impossible to implement in practice and the performance gains should decrease with the cardinality of S. These are some of the main reasons for using the CSI-free WET strategies and the scope of this work. Fig. 9 shows the average harvested energy and outage per user as a function of the number of sensors. Since the average performance of the CSI-free schemes does not depend on |S|, it appears as straight lines, while the performance of the CSI-based schemes gets asymptotically worse with |S|. The latter is because as |S| increases, selecting the best antenna under the OA − CSI scheme converges to select any random antenna, e.g., OA, while for the AA − CSI scheme, the chances of creating sharp and strong beams capable of reaching all the users, decreases. Observe that the SA scheme outperforms the OA strategy in terms of average harvested energy under sensitivity and saturation phenomena, which is different from the ideal case discussed in Subsection IV-A. Also, this scheme performs the best in terms of energy outage because of the relatively small values of η 1 as discussed in Fig. 6 . This means that in order to get the advantages of the diversity order and low-variance of the SA scheme, sensors have to be able of operating at very low power levels and requiring uninterrupted operation. Additionally, the CSI-based schemes outperform their CSI-free counterparts in both metrics and the gap is significant when powering a relatively small number of sensors. However, as |S| increases (and even for |S| = 1) the CSI acquisition procedures and associated energy expenditures become a problem and limit the practical benefits of these schemes. In fact, according to the analyses in Subsection IV-A the performance gap between the AA and AA − CSI schemes is even expected to decrease if any of M, κ, τ increases. Moreover, notice that the approximations obtained in Subsection IV-B for |S| = 1 hold for any value of |S| when using the CSI-free schemes, and as shown in Fig. 9 , the expressions are particularly accurate for the OA and AA schemes, while not for the SA strategy for the reasons given in Theorems 2 and 3.
Finally, as a metric of fairness in the wireless powering we show in Fig. 10 the standard deviation of the harvested energy across time (channel realization) and space (sensor location) as a function of M . Herein we focus only on the CSI-free schemes, 15 hence, the results are independent of the number of sensors. Notice that for the considered system setup the SA scheme is not only the more reliable (as shown in Fig. 9b ) but also the fairest for relatively small number of antennas M , while as M increases the AA scheme becomes the clear winner. The latter is because more sensors are induced to work near or in the saturation region, hence, outperforming all the other CSI-free schemes in terms of average harvested energy, outage and fairness. Finally, as the OA scheme utilizes only one antenna, its performance is independent of M .
VI. CONCLUSION AND FUTURE WORK
In this paper, we analyzed three WET strategies that a dedicated power station equipped with multiple antennas can utilize when powering a large set of single-antenna devices. These strategies operate without any CSI, which is a very practical assumption since it is very challenging to acquire CSI at the transmit side in low-power WET systems with large number of users. The distribution of the harvested energy when using each of the multi-antenna schemes is attained supposing Rician fading channels under sensitivity and saturation EH phenomena and compared to other two CSI-based benchmark strategies. We investigated the impact of spatial correlation among the antenna elements evidencing its benefits only when transmitting simultaneously with equal power by all antennas, while under the operation of the other schemes the system performance may reduce considerably when the spatial correlation increases. When powering a given sensor, we found that: the switching antennas strategy, where only one antenna with full power transmits at a time, guarantees the lowest variance in the harvested energy, thus providing the most predictable energy source, and it is particularly suitable under highly sensitive EH hardware and when operating under poor LOS conditions. Moreover, while under NLOS it is better switching antennas, when LOS increases it is better to transmit simultaneously with equal power by all antennas. Also, latter strategy provides the greatest fairness in the wireless powering of multiple sensors when there is a large number of antennas since devices are more likely to operate near or in saturation. Numerical and simulation results validate our findings and demonstrate the suitability of the CSI-free over the CSI-based strategies as the number of devices increases. All these are fundamental results that can be used when designing practical WET systems.
